A compressor tip clearance flow control scheme is explored using fluidic actuators, the so-called "synthetic jets", on the casing wall acting over the clearance region. The analysis of flow visualization images show the largest increase in mixing level when forced at the optimal frequency. A reduction in the tip clearance-related blockage is demonstrated using an array of synthetic jet actuators in a linear cascade with tip clearance. The change in the blockage has a clear frequency response that is similar to that observed in the mixing enhancement of model two-dimensional leakage flow. However, the net mass-average total pressure loss remains more or less intact with the actuation.
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INTRODUCTION
Tip clearance in axial compressors is known to be detrimental to the pressure rise capability, stability and efficiency of the machine (Smith [1] , Koch [2] , and Wisler [3] ). There are two aspects of the tip clearance flow; one is blockage, which is a fluid dynamic effect (Khalid [4] ), and the other is loss, which is a thermodynamic effect (Storer and Cumpsty [6] ).
Compressors often operate with tip clearances that are larger than aerodynamically desirable due to changes in tip clearance during operations and limitations in manufacturing tolerances. Consequently, there is a strong motivation to look for means to relieve the stringent requirement on tight tip clearance and to desensitize compressors to the changes in tip clearance. A potential technique for accomplishing these is active tip clearance flow control. This paper describes the application of synthetic jet and its parameterization to affect the behavior of the tip clearance flow to benefit the compressor performance.
Specifically, in the present work, a periodic forcing generated by a synthetic jet is directly applied to the clearance region to force the shear layer in the leakage jet at its resonance frequency to enhance mixing. Such technique has been used in many flow control schemes, e.g. Amitay et al. [7] and Smith et al. [8] . External forcing applied to shear layers creates large vortical structures that entrain ambient fluid into the jet core increasing momentum transfer (Schober et al. [9] ).
If artificially-enhanced mixing of the leakage jet can be accomplished by such means, the tip clearance related blockage in axial compressors can potentially be reduced. Thus the overall goal is first to delineate the conditions under which an array of synthetic jets can achieve enhanced mixing of compressor tip leakage flow and then to demonstrate the potential benefits on a linear compressor cascade.
This paper is arranged as follows: we first describe a simple experiment to characterize and parameterize the synthetic jet and the response of the tip leakage flow to the periodic forcing. This is followed by a description of the cascade experimental rig, the design of the synthetic jet actuator, and the flow visualization scheme. Results are then presented to elucidate the effects of the synthetic jet on the behavior of the tip clearance flow. Then summary and conclusions follow.
EXPERIMENTAL METHODS
Two-Dimensional Leakage Flow
Since the shear layer instability is a frequencydependent phenomenon (Schober et al. [9] , Michalke [10] , and Fiedler et al. [11] ), it is crucial to find the right frequency range. As shown in the above references, enhanced mixing increases spreading rate of shear layers, which is usually measured by the momentum thickness of the shear layer. Hence, the quantity of interest is the momentum thickness of the leakage jet at various forcing frequencies. A simple model experiment has been designed to measure the frequency response of the leakage jet in a more manageable environment compared to the tip leakage flow in compressor blade passages. Figure 1 shows the schematic of the actuated wall jet experiment. A two-dimensional tip clearance flow is generated without the complication of the axial core flow and chordwise variations. It allows one to quantify the effects of the actuation to the leakage jet by measuring quantities such as the mean velocity profile, the flow rate through the clearance, and the pressure difference across the blade. The experiment, which is similar to the one that was used by Kang et al. [12] , consists of two major components -a pressurized box and a baseplate that accommodates the actuator. The pressurized box has an adjustable faceplate that can move up and down in the vertical direction so as to allow for variation in the size of the gap, which simulates the compressor tip clearance. The upper half of the pressurized box is filled with steel wool to damp the inlet shop air and the unsteadiness that may exist with actuation. The leakage jet flows in x-direction along the baseplate and is enclosed by two sidewalls that extend from each side of the pressurized box. The baseplate has a chamfered slit that can also be adjusted in width. A 30W 20cm-American Institute of Aeronautics and Astronautics 3 diameter generic speaker was used in the actuated wall jet experiment where an actuator with a long span of slit is required to achieve two-dimensionality.
Cascade Rig
To investigate the response of the tip clearance flow to the actuation in a compressor blade passage, a linear cascade was designed and fabricated in a low-speed wind tunnel at MIT. Cascade tunnels have been used previously by other investigators to study tip clearance flows (Storer and Cumpsty [5] [6], Heyes [13] , and Bindon [14] ) because of the cost-effectiveness and experimental simplicity versus rotating rigs. The actuator, which comprises of three isolated synthetic jets, was attached to the endwall as shown in Figure 2 and sits in a slot machined through the casing wall. The cross-section of the synthetic jet actuator is shown in Figure 3 of the next subsection. Three straight slits of each actuator section are shaped to approximately follow the camberline of the blade. The actuator covers about 70%C from the leading edge because the mixing enhancement near the trailing edge, where the background static pressure in the blade passage has increased, is not expected to be beneficial.
To assess the effectiveness of the actuation, the total pressure loss coefficient, ω was measured using a Kiel probe in the survey plane, 5%C downstream of the trailing edge plane as shown in Figure 2 . The Kiel probe with 3.2mm diameter was attached to a three-axis TSI traverse table. The traversing was programmed and performed automatically over the survey area (1 pitch × 0.5 span). The mesh size was 19 (pitchwise) × 13 (spanwise).
Synthetic Jet Actuator
The schematic of the actuator used in the cascade is shown in Figure 3 . This actuator widely known as synthetic jet actuator (Amitay et al. [7] , Smith et al. [8] ) comprises of a vibrating membrane, a cavity, and a slit (or hole). There are three isolated synthetic jet actuators inline in the direction normal to The amplitude/frequency response of the actuator was measured and is shown in Figure 4 . The input is the peak-to-peak voltage of the sinusoidal signal generated with a WAVETEK function generator. This signal was amplified with Yorkville audio amplifiers and then fed to the voice coil actuator. The output of the transfer function is the peak (i.e. peak over a cycle) center velocity of the synthetic jet leaving the slit measured with a DANTEC hot wire anemometer. The required input voltage is calculated for a desired peak center velocity U J at a desired frequency f within the envelope using a linear interpolation of the measurement. The structural resonance frequency without the cavity and slit was identified to be at 50Hz using an impulse test monitoring the back EMF generated by the voice coil. This resonance frequency increases (up to 65Hz) with amplitude as the stiffness increases when coupled with the cavity and slit. The cutoff at the low frequency region in Figure 4 is due to the built-in high-pass filter in the audio amplifier with cutoff frequency at 20Hz. There is another resonance peak at 1200Hz corresponding to the Helmholtz resonance frequency of the cavityslit system. This Helmholtz resonance peak, which is much smaller than the structural resonance peak, is not shown in Figure 4 , since it is above the frequency range of interest.
Ingard [15] identified different operating regimes of synthetic jets. At sufficiently high levels of excitation, the amplitude of the particle displacement in the neck exceeds the length of the neck. The dividing line is plotted in Figure 4 with a dashed line. The actuator operates well above the line meaning that it is in the acoustic streaming regime generating discrete vortices.
Flow Visualization
Flow visualization has been used to interrogate the change in the behavior of the tip clearance flow with actuation. The primary interest is the change in mixing level of the leakage jet with actuation.
The setup for the flow visualization is shown in Figure  2 . The interrogation plane is at 55%C from the leading edge and is parallel to the leading edge plane. A cylindrical lens was used to pan a laser beam from a He-Ne laser with 7mW output to shine the plane near the casing wall through the bottom wall of the test section. Burning incense sticks in a small separate chamber generated the smoke. Regulated and metered shop air was fed to the chamber. The outlet of the smoke chamber was connected to the tube (with OD of 6.4mm) releasing the smoke in the test section. The flattened exit of the tube was placed near the entrance of the tip clearance on the pressure side and was directed parallel to the laser sheet. The flow rate of the shop air into the smoke chamber was set such that the exit velocity of the tube was the same as the far upstream velocity to be more or less iso-kinetic with the wind tunnel flow. By having the tube on the pressure side of the tip gap, the leakage jet is marked with the smoke. Also any disturbance caused by the smoke tube is attenuated because of the acceleration near the entrance of the clearance. The Reynolds' number was set at Re C = 0.75×10 5 (U ∞ = 6m/s), which was the minimum without laminar separation on the blade. The 35mm camera was placed outside the test section as shown in Figure 2 . Kodak TMAX P3200 film was used at the shutter speed of 2 (0.5sec exposure). Processed images only provide time-average flow structures due to the long exposure time.
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RESULTS AND DISCUSSION
Leakage Flow Mixing Enhancement
The objective of the two-dimensional model experiment is to delineate the parameter space of the actuator operation, i.e. frequency, amplitude, location, etc., for affecting changes in the tip clearance flow. The figure of merit for the effect of the actuation on the tip clearance flow is the mixing rate as reflected in the momentum thickness.
As such, the momentum thickness of the shear layer is calculated from the time-average velocity profile measured five-clearance downstream of the clearance gap (x = 5τ) with a hot wire anemometer and is used as a measure of the rate of mixing. The momentum thickness, θ, is non-dimensionalized by the clearance size τ as follows:
where the reduced frequency β τ = 2πfτ/U L and the
, which are the non-dimensional frequency and amplitude of the actuation respectively. Actuator slit size, δ δ δ δ = 1.0mm. Figure 5 shows the frequency-dependence of the momentum thickness of the shear layer. Two data sets measured with two different tip clearances collapse on to a single curve when non-dimensionalized. The actuator slit was aligned with the pressure surface of the faceplate. Note that the resonance frequency lies at β τ = 0.16. Figure 6 shows the amplitude-dependence of the momentum thickness. Three data sets with different leakage velocities and slit sizes are plotted in nondimensional form. The non-dimensional forcing frequency, β τ is 0.28, which is not at the optimum. The actuator slit was aligned with the suction surface of the faceplate. Again, the data collapses on to a single curve showing that the mixing enhancement using the synthetic jet actuator is a function of β τ and µ. The actuated wall jet experiment demonstrates that the synthetic jet actuator can enhance mixing of the wall jet increasing the momentum thickness up to about seven times the baseline at x/τ = 5. It also shows that there exists a clear frequency dependence of the mixing enhancement and a set of non-dimensional parameters characterizing it.
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Cascade Rig: Baseline Performance
The static pressure along mid-span was measured on the center blade and compared with computed result from MISES [16] as shown in Figure 7 . There is a good agreement between measurements and MISES result. This implies that the cascade flow behaves according to the intention of the design as summarized in Table 1 . The size of the tip clearance does not appreciably affect the mid-span loading as the difference in the mid-span static pressure distribution with 0%C and 3%C clearances is negligible. Figure 8d show the contour plots of the total pressure loss coefficient ω from the Kiel probe measurements without actuation at τ/C = 0, 1, 2, and 3% respectively. The survey area was 1 pitch × 0.5 span. The interval between contour lines is 10% of upstream dynamic head (0.1q ∞ ). As the tip clearance increases, the area of the low momentum fluid in the endwall region increases. The low momentum area extends from both the suction surface and the endwall with the tip clearance. The contour at 0%C clearance (Figure 8a) shows that the freshly grown endwall boundary layer remains very close to the casing wall. No severe suction surface-corner separation was observed. It is desirable not to have a corner separation because the blockage and loss directly related to the tip clearance flow is of interest in this work. The total pressure loss measurements near the exit plane show that the endwall flow behaves as expected and the cascade is ready for the control experiment. Figure 9c , which corresponds to the optimum forcing frequency for the blockage reduction as will be discussed later, the intensity of the smoke is spread out to a more uniform state compared to the baseline in Figure 9a . The location of the maximum intensity moves closer to the casing wall with actuation, especially as the forcing frequency increases. The intensity in the image is the indication of the concentration of the smoke particles. The smoke tags the leakage jet (Figure 2) , which forms the low momentum region near the endwall. Consequently, the smoke remains in the low-momentum, high-loss region.
Figure 8a through
Since the mass diffusion per unit area is proportional to the concentration gradient, the average magnitude of the concentration (or the intensity in the image) gradient is a good measure of the level of diffusion and hence the level of mixing. The intensity gradient would become zero, if the smoke (or the leakage flow) were fully mixed with the core flow. To quantitatively compare the relative level of mixing at each forcing frequency, the gradients of the intensity have been processed and the average of their magnitudes are plotted against the forcing frequency as shown in Figure 10 . The average magnitude of the gradient,
has a dependence on the forcing frequency. ) ( I ∇ is smallest at β τ = 0.19 and is about 30% smaller than the baseline, which implies that the mixing enhancement is greatest at β τ = 0.19.
The integrated intensities of each image are within ±2% suggesting that the amount of smoke in the image is more or less the same in four images. This implies that there is no significant change in the leakage flow rate with actuation. The effect of the actuation on the leakage flow rate integrated over the blade chord will be discussed later. 
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Measurements near Exit Plane
The integrated endwall blockage is estimated from the total pressure loss coefficient ω measurements assuming that in the survey plane the static pressure is constant and the flow is unidirectional in the direction of the mass-average exit flow angle at mid-span. The uncertainty introduced by the assumption is smaller than the quantity of interest as will be shown in Figure  11 . The total blocked area, A b is integrated over the area, which is defined with the edge, ω = 0.03. The endwall blocked area, A b,ew is then calculated by subtracting the blocked area related to the blade surface boundary layer, A b,2D from A b . A b,2D is calculated by multiplying the displacement thickness evaluated near mid-span by 0.5h assuming the flow is two-dimensional from the mid-span to the tip. A b,2D remains nearly constant (1.7% of the exit area, i.e. A b,2D /A ex = 0.017) for all the measurements presented in this paper.
The endwall blocked areas normalized by the total area of the blade passage exit plane with τ/C = 0, 1, 2, and 3% are plotted with circular symbols (○: Re C = 1.5×10 5 ) in Figure 11 . The estimated uncertainty (20 to 1) in the blockage for the data point with 3%C clearance is shown with an error bar. The error bar includes uncertainties both from the assumption and the measurement. The endwall blockage linearly increases with the tip clearance. The y-intercept of the leastsquare fit line is subtracted to get the blocked area related to the tip clearance flow A b,tip as labeled on the right hand side of the figure. The blockage below the dashed line in Figure 11 is attributed to the endwall boundary layer. The blockage due to the endwall boundary layer is about 0.9%A ex and that due to the tip clearance flow is about 2.3%A ex at 3%C clearance. The square symbol (□) is the blockage measured at Re C = 1.0×10 5 . The triangular symbols (△: Re C = 1.5×10 5 , ◁: Figure 11 are the blockages with actuation at 3%C clearance. The actuator slit was aligned with the camberline of the blade and its size was 0.25mm. Three voice coils vibrate in unison driven by the same signal. The non-dimensional frequency § and amplitude were set at β τ = 0.19 and µ = 1.35. The tip clearance related blockage is reduced by about 50% with actuation. § In cascade data, the far upstream velocity U ∞ has been used to non-dimensionalize the frequency and amplitude of the actuation in stead of the leakage velocity U L . U ∞ approximates the chordwise average of U L within about 10%. 
Frequency Dependence
To examine the frequency dependence of the blockage reduction, the tip leakage flow has been forced at four different frequencies. Figure 12 shows the blockage against the forcing frequency β τ . In all four cases, the non-dimensional amplitude of the actuation µ was kept constant at 1.35. The tip clearance size was 3%C. There exists a clear preference to the forcing frequency with optimum at β τ = 0.19. The trend in Figure 12 is similar to those in Figure 5 and Figure 10 , implying the important role of the enhanced mixing in reducing the blockage. Figure 13d show the contour plots of ω corresponding to the each data points in Figure 12 with β τ = 0.11, 0.19, 0.38, and 0.54 respectively. Figure  13b corresponds to the data point in Figure 12 In all four cases shown in Figure 12 and Figure 13 , the time-average momentum injection is the same. Although the momentum injection can alter the blockage when injected in the streamwise direction, the negligible change in the blockage when forced at nonoptimal frequency (e.g. β τ = 0.54) suggests that the time-average momentum injection has a little effect on the blockage reduction. Note that the nominal direction of the injection is normal to the direction of the flow. ω is shown in Figure 14 after the two-dimensional profile loss was subtracted from the overall loss. The circles (○) in Figure 14 are baselines without actuation at τ/C = 0, 1, 2, and 3%. The estimated uncertainty (20 to 1) in the loss for the data point with 3%C clearance is shown with an error bar. Mass-average total pressure loss coefficients with actuation at four frequencies are shown in Figure 14 with other symbols (◁: β τ =0.11, △: β τ =0.19, ◊: β τ =0.38, and ▷: β τ =0.54). The net change in the massaverage total pressure loss coefficients with actuation is small compared to the baseline loss at 3%C clearance. It is recognized that the loss due to the tip clearance flow increases linearly with the tip clearance size when the mid-span loading is constant (Storer and Cumpsty [6] ). The solid line in the figure is the least-square fit of four baseline data points. The y-intercept of the least square fit line is subtracted to get the loss associated with the tip clearance flow as labeled on the right-hand side of Figure 14 .
Figure 13a through
For comparison, a simple loss prediction model suggested by Storer and Cumpsty [6] was applied to the current cascade and its result is shown in Figure 14 with a dashed line. The model underpredicts the loss by about 30% at τ/C = 3%. Because the main purpose of Figure 14 is to compare the relative change with and without actuation, this discrepancy in the absolute value is not thought to be important.
Change in Leakage Flow Rate
As reported in Kang et al. [12] a synthetic jet actuator applied to a leakage flow can affect the discharge coefficient through the clearance. In the tip clearance flow, the blockage and loss are proportional to the leakage flow rate when the velocity and the angle of the leakage jet remain the same. Since the mid-span loading does not change with actuation, the velocity and the angle of the leakage jet is expected to remain more or less the same with actuation. In fact, the chordwise averages of the pressure difference that
drives the leakage flow (C P,ps,mid-span − C P,ss,near tip ) were the same with and without actuation.
The change in the leakage flow rate in the cascade rig with actuation has been estimated by applying the results of the two-dimensional rig (i.e. the change in the discharge coefficient as a function of the forcing frequency and amplitude) to the each small segment of the chord. For the actuator setting that corresponds to Figure 13b , the leakage flow rate is estimated to be reduced by 13%, which is in turn 13% reduction in the blockage and loss associated with the tip clearance flow. Hence, it is conjectured that the reduction in the leakage flow rate accounts for about a quarter of the total reduction in the tip clearance related blockage with actuation.
It is thought that additional loss incurred by the mixing enhancement process offsets the potential reduction in loss due to the reduction in the leakage flow rate, resulting in the negligible net change in the massaverage total pressure loss coefficient as shown in Figure 14 .
SUMMARY AND CONCLUSIONS
In this paper, we have described a set of compressor cascade flow experiments on the use of synthetic jet to control the behavior of the tip clearance flow. The measured results indicate that a 50% reduction of the flow blockage associated with the tip clearance flow can be achieved at 3%C clearance when forced at the non-dimensional frequency β τ = 0.19 and the nondimensional amplitude µ = 1.35. The main flow process is thought to be the mixing enhancement, which reduces the non-uniformity of the initial total pressure defect before it grows in the adverse pressure gradient. However, it has yet to be quantified more rigorously.
Although the current actuation scheme has demonstrated its potential ability of reducing the tip clearance related blockage, it has certain limitations that should be noted.
First is the power consumption of the actuation. To achieve the 50% reduction in the blockage, the peak momentum injection of the actuator had to be on the order of the momentum of the leakage jet (µ = 1.35), which seems to be rather large. In terms of the flow power, the time-average flow power from the synthetic jet actuator is about 8% of the flow power in one blade passage.
Second is the sensitivity to the location of the actuator slit relative to the blade tip. It was found that the actuation is not effective in reducing the blockage when placed off-blade. This implies that in a rotating environment a large array of actuators would be required on the casing wall to track the motion of the blade tips. Actuators based on the MEMS (Microfabricated Electro-Mechanical Systems) technology would be attractive.
We further deduced the following:
• The response of the tip clearance flow has a clear dependence on the forcing frequency similar to that observed in the mixing enhancement of model twodimensional leakage flow.
• When the actuator is set at the same amplitude (µ = 1.35) but at the frequency away from the optimum (β τ = 0.54), it has little effect on the blockage. Therefore, it is concluded that the time-average momentum injected by the actuator is not important.
• About 25% of the total reduction in the blockage is attributable to the reduction in the leakage flow rate.
• The actuation has a negligible net effect on the mass-average total pressure loss coefficient. It is conjectured that the possible reduction in loss associated with the reduction in the leakage flow rate is counteracted by the additional loss incurred by the mixing enhancement.
